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INTRODUCTION

An investigation was conducted of the minimum point efficiencies of the gear
and pinion meshes of the Pershing II Integrated Safe/Arm Device (ISAD) (fig. 1)
to identify potential problem areas. This work was an application as well as an
extension of the analytical tools developed during an earlier study of fuze-
related gear trains conducted in cooperation with personnel of City College of
New York (ref 1).

In the earlier study, torque transfer efficiency expressions were derived
for single pass involute and clock gear-type meshes which operate in non-spin
environments. In this present study, the computer program CLOCK2--given in ref-
erence 1 for calculating the efficiency of clock-type gears--was utilized to
determine the minimum point efficiencies of the ISAD timer gear meshes. Where
necessary for computational purposes, the actual clock gear tooth was modified to

accommodate a rounded tip (app A).

In reference 1, the involute meshes were limited to those having a unity

contact ratio. Since the involute gears in the ISAD have contact ratios which
are substantially greater than orie, the efficiency expressions derived in refer-

ence I were modified to consider two pairs of involute teeth in contact simulta-
neously in a given mesh (app B). Appropriate logic was used to ascertain how
many pairs of teeth are in contact for a specific position of the mesh. Further,
a technique based on work described in reference 2 was used to determine where
the involute action is initiated. The resulting computer simulation was then
applied to calculate the minimum point efficiencies of the [SA) power gear
meshes.

For clarity, the minimum point efficiencies, obtained as a function of the
coefficient of friction, are presented in graphical form for both the clock and
involute meshes. Also, since the output of the computer programs for the invo-
lute meshes gives other relevant information such as the contact ratio, the
print-out (not including the point-by-point efficiencies) for each of the invo-
lute meshes is contained herein. The associated computer programs for an invo-
lute mesh having a pinion for the driver and for a mesh having the gear as a
driver are listed in appendixes C and D, respectively.

CLOCK GEAR-TYPE KESHtES

Determination of Torque Transfer Efficiency

A typical clock gear-type mesh is shown in figure 2. Computer program
CLOCK2 (ref 1) is used to determine the point efficiency of such a mesh. The
parameters required to calculate the point efficiency include the number of teeth

on the gear and pinion, the pitch radii of the gear and pinion, the distances
from the pivots of the gear and pinion to the respective centers of curvature of

the circular arc portions of their teeth (aG and ap), the radii of 'curvature of
the circular arc portions of the gear and pinion profiles (PG and P.), the tooth

J% ' - , , 1



thicknesses at the pitch circle of the gear and pinion, the pivot radii of the
gear and pinion, the distance between the pivots of the gear and pinion (b), and
the coefficient of friction between the gear and pinion teeth and at the gear and
pinion pivots.

ISAD Clock Gear Mesh Parameters

The above quantities for the four different clock tooth-type meshes of the
ISAD are listed in tables 1 through 4. The analysis on which CLOCK2 is based
considers a constant curvature tooth as shown by the solid profile line in figure
2. The rounded tooth tip of the actual clock gears, as shown by the dotted line
in figure 2, led to numerical difficulties when the given outside radius was used
to obtain the distance aG from the gear pivot to the tooth center of curvature.
This problem was avoided by modification of the tooth to have a constant curva-
ture. The necessary derivations to achieve this are described in appendix A.

Efficiency Results

Computer program CLOCK2 was applied to each of the clock meshes. The coef-
ficient of friction was permitted to vary from 0 to 0.3 in steps of 0.05. The
point efficiencies for each mesh for a given coefficient of friction were calcu-
lated and the minimum value determined and retained. These minimum values for
each mesh were then printed out in graphical form as shown in figures 3 through
6.

INVOLUTE GEAR-TYPE MESHES

Determination of Torque Transfer Efficiency

The initial work on efficiency of involute gear-type meshes (ref 1) was
confined to unity contact ratio meshes; therefore, that work could not be used
directly in this study because the meshes of the ISAD have contact ratios which
significantly exceed unity. Changes were required in the kinematics. Also,
since some of the pinions were undercut, a determination was needed of the radius
at which involute action begins. Further, because the center distance for each
mesh was greater than the sum of the standard gear and pinion pitch radii, it was
necessary to compute the actual mesh pressure angle. In addition, the derivation
of efficiency expressions for dual point contact was needed. Finally, the exist-
Ing computer program for calculating involute mesh efficiency had to be revised

" 'to include these considerations.
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KI nemat ics

When only one pair of teeth is in contact at a given time, the computa-
tions proceed according to the method established in reference 1. A technique to
he used when two pairs of teeth are in simultaneous contact is given below. It
Identifies the beFinning and end of dual contact, provides other information
relevant to the determination of gear mesh efficiency for dual contact, and, in
addition, furnishes the contact ratio for the mesh.

To begin, certain nomenclature must be defined. In figure 7, which
corresponds to the case where the pinion drives the gear, points T and T' are the
points of tangency to the base circles of radius Rb and rb and the distance d =
TT'. Initial contact is made either at point Z where the line of action Inter-

sects the gear addendum circle of radius R., or at a point V' where the involute
curve begins. The radius corresponding to the start of the involute profile,
called the inner form radius, is given by rf*.

Contact begins at the point which Is farthest from point T', or alter-

nately, at the point which is nearest to the pitch point P. Final contact occurs
at point W, where the line of action intersects the pinion addendum circle of
radius ro . The positions of the instantaneous contact points C1 and C2 with
respect to point T'; that is, lengths a, and a2 , are expressed with the help of
the instantaneous angles al and a, which have their origin at the line 0 T'.
The actual pressure angle is gi~en by 0'. A method for calculating 0" is
described later in this section.

The case where the gear is the driver is shown in figure 8. The nomen-
clature is parallel to that of figure 7.

Procedure for Determining Kinematics of Dual Contact When the Pinion
Drives

(1) Find whether PZ < PZ'. The smaller quantity governs.

PZ' - PT' - Z'T' (1)

Since PT' - rb tan 0' (

and Z'T' rb2 (3)

PZ' - rb tan 0' f ; rb2 (4)

* When the involute actually begins at the base circle, rf = rb. If part of the

involute profile has been removed by the cutting tool (undercutting) or If the
cutting tool has been withdrawn to a position where cutting begins above the
base circle (to avoid undercutting), then rf > rb.

3



Al so PZ -ZT -PT (5)

Since ZT -k! R'(6)

and PT - Rtane', (7)

pZ PRl _ tb 2  b %tan 0' (8)

(2) Determine initial rotation angle (ak)o otc point C1 .

if PZ < PZ1

ZT' 9

From figure 7

ZT' - (Rb + rb) tan 0' Rbi2
% (10)

k Thus

(R.b + r b) tan 0' R Rb2 (1
in r b

if PZ' <(PZ

= VT' (12)
in r b

Using equation 3

a in rf r. (13)

anlea f (3) Compute rotation angle a2 of contact point C2 given rotation
ange ( ofcontact point C1.

2 1 rb14

where pb is the base pitch, that Is, the distance measured on the base circle,
from a point on one tooth to a corresponding point on an adjacent tooth.

(4) Calculate distances a1 and a2.

a, =rb a~ (I

a2  'l + Pb(16)

(5) Find angular position corresponding to end of dual contact.

4



if iPz < F41, the total length of the line of action is given

by WZ. Thus, since the contact point C2 is a distance pt, f rom, C1, it is Lti-
tially a distance WZ - pb from the final contact position. This corresponds to
an angular displacement Aa1, from the initial contact position given by

- -= b (17)
1 rb

With

w 4 -~ R r -r (Rb +rb) tan '(8

equation 17 becomes

R b + r0 ' -b - (R b + rb) tano, -b (9

The angular position of C1 corresponding to the end of dual contact is therefore
given by

a fin - 'sin + Aa1(20)

If PZ' < PZ, for similar reasons

Aa -Z - Pb (21)
1 rb

Since

-Z M / 7  
-r Tf- rb (22)

A - f b P (23)
r rb

and equation 20 again holds.

(6) Stop computations when

+ Pb (24)1 in rb

that is, the pinion has rotated through an angle corresponding to one base pitch.
After this, the computations begin repeating.



(7) Determine contact ratio

if nZ < PZ', the contact ratio CR is given by

R 2 %2 + ~(Rb + rbtan 0'
CR - - bbb (25)

if PZ' < PZ

jr 2 2 r2

CR 0 b P rf - rb (26)

Procedure for Determining Kinematics of Dual Contact When the Gear
Drives

(1) Find whether PZ < PZ'. The smaller quantity governs. Equa-
Lions 4 and 8 are still valid.

(2) Determine the initial rotation angle (aid) of point C1.

a. __ (27)in r b

where

WT (R+ r tan0'-~2- 2 (28)b o - b

(3) Compute rotation angle a2 of contact point C2 for rotation
angle a1 of contact point C1.

a -a + * (29)
2 1 %

(4) Calculate distances a, and a2

a1 - Rb a1  (30)

a2 ,a, + Pb (31)

(5) Find angular position corresponding to end of dual contact.

if Pl < PZ'

-a -WZ bb (32)

where WZ Is given by equation 18. Equation 20 again holds.
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If PZ' < PZ

WZ' -Pb

Aa (33)

where WZ' is given by equation 22. Equation 20 is then applied to find the angle
corresponding to the end of dual contact.

(6) Stop computations when

a = a +- (34)
1 ir Rb

(7) Determine contact ratio. Equations 25 and 26 are valid for
this case.

Determination of Radius at Which Involute Action Begins and Presence of
Undercutting

The inner form radius rf was determined by a technique developed fn
reference 2. The method is based on finding the point of intersection of the
involute curve and the trochoid curve, which is the curve generated by the cuit-
ting tool (rack or hob). This involves solving the following equations (ref 2,
equation 5).

- rf cos0 2 r cose 2 1/2b cose) f s2
tan bb cosr 

b  r b -b cos

+ cosr 2 1/2 1 rf 2 1/20 I +rc~ tan0 [(-fb) - 1] + tan- -()_ - 1] 1 = ( 50

r b rb rb (35)

where 0 Is the cutting tooth pressure angle and b is the distance from the sharp
corner of the rack tooth (or hob) to the pitch line of the rack. For a rack or
bob with a standard addendum this can be expressed as

b .d + 0.002 - hob tip radius x (I - sin0) (36)
Pd

where Pd is the diametral pitch of the mesh. As noted in reference 2, equation
35 cannot be readily solved for rf in closed form. However, values of rf can
easily be found by the trial-and-error method.

Figure 9, which is a reproduction of figure 6 of reference 2, presents
solutions to equation 35 for pressure angles of 10, 14 1/2, 20, 22 1/2%, 25,
27, and 30. The solutions to the left of the minimum value of rf/rb for a
given pressure angle correspond to cases where part of the involute surface is

7



destroyed by the cutting operation while those to the right represent cases where
the involute is not completely generated (due to withdrawal of the hob). This
provides an opportunity for determining whether a pinion tooth is undercut:

If (I - b/r P) < rag, tooth is undercut (37)

If (1 - b/rp) > rag, tooth is nt undercut (38)

In these Inequalities, rag is the value of (I - b/rp) where rf/rb i a minimum,
and rp is the pitch radius of the pinion tooth.

Determination of Actual Pressure Angle

Standard pitch circles are the ones which would come Into existence,
when the gear and pinion are meshed, if none of the standard dimensions are
changed. The center distances for the [SAD meshes are slightly larger than the
sum of the gear and pinion pitch radii, Indicating that the center distances have
been extended. This will change the pressure angle as yell as the pitch radii.
These nonstandard values can be determined by first considering that the base
circles remain the same whether the tooth dimensions are changed or not. Thus

Rb - Rp cose - R'p cose' (39)

rb - rp cosO - r'p cose' (40)

where ,r, and e are the standard gear pitch radius, pinion pitch radius, and
;tandard pressure angle, respectively, while R'p, and rep, and 0' are the corre-
sponding nonstandard dimensions.

Solving the above equations for R'p and r'p

R cosO
R'p (41)

r cosO
rep (42)

Adding these equations, and noting that the actual center distance cd can be
expressed as

cd W K'p + r'p, (43)

one obtains

(A + r c cosO
d .p(44)

S!q4
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from which

0' Cos (R + r)k coso

Cd

Point Efficiency Expressions for Dual Contact

According to the derivation given in appendix B, the point efficiency
FE of a pinion-driven involute gear mesh having two pairs of teeth in contact

sfmultaneously is given by

2-1 4~s I(d - a I)+s 2 (d-a 2)] Rb N 2 4 + 2 t+ss 2
2 +p 1 +s 2

E

2- i(s 1 aI+S 2 a 2 ) + rbpn~ V+N s1 +s 2 %+ ( 1 s 2 )

while that of a gear-driven mesh is given by
2-isl(d-a )4-s (d-a 2 ) L l/4 2[4+(s +S2 )]±(s+S 2

r = b r bUTP7i
p 2-ji(s Ia I+s 2 a 2 ) + j1iP1  4+vl 2[4+(s1 I s 2 )21 + 44(s 1 +2 )2 (7

In the above equations, PN and p are the gear and pinion pivot radii, respec-
tively; 4± is the coefficient of tfriction between the gear and pinion teeth as
well as at the gear and pinion pivots; and a, and s2are signum functions which
take the values -1, 0, or +1 depending on whether contact points C1 and C2 are
located before, at, or after the pitch point. These are expressed mathematically
by equation B3. In addition, the distances a, and a2 (figs. 7 and 8) can be
obtained from equations 15 and 16 if the pinion is the driver or from equations
30 and 31 if the gear is the driver, while the distance d (figs. 7 and 8) is
given by

d - (Rb + r.) tane' (48)

Computer Programs

Since the efficiency expressions and logic controls depend on whether
the gear or the pinion Is the driver, two computer programs ISADI and ISAD2 were
written. ISA01 corresponds to the case where the pinion is the driver and ISAD2

9



corresponds to the case where the gear is the driver. Both programs and a sample
output are given in appendixes C, D, and E. Because of the basic similarity of
the two programs, they will be discussed together, with differences noted as
required.

Input Parameters. The following parameters represent the input data of
the program:

PSUBD Pd, the diametral pitch

NP Np, the number of pinion teeth. (This is used to determine
the base pitch Pb.)

CAPRP -Rp the pitch radius of the gear

KP = rp, the pitch radius of the pinion

CAPRO M RO, the outside radius of the gear

O r to, the outside radius of the pinion

THETAD - 0, the rack pressure angle (in degrees)

RHOCAPN = the gear pivot radius

RHON - Pn' the pinion pivot radius

CD = cd, the actual center distance

HOBTIPR, the hob tip radius

K, range divisor, that is, the number of points at which
the efficiency computations are performed for a rota-
tton of the driving element corresponding to one base
pitch. (The computations repeat after this.)

RASFACT ras, the value of (1-b/rp) corresponding to the minimum
value of rf/r h. It can be obtained from figure 9 for a
given value oT e.

Computations. The first set of computations relate to the determination
of the base circle radii of the gear and pinion (Rb - CAPRB, rb - RB) as well as
of the base pitch (Pb - PB) using standard gear equations.

The main program next calls on the subroutine INNERF to find the
inner form radius (rf - RF) of the pinion. INNERF initially computes the cutter
addendum (b - B), as given by equation 36. It then uses the pinion base circle
radius (rb = RB) as the initial "guess" for the inner form radius. This value is
substituted into equation 35, which is rewritten in the form:



TEST tan- 1 1[ rf cos0  2 1/2 b coo) rf coso 2 _1/2

t -cost rb - b cos)-

(49)

- + (ib cosO) tan r - r)2  1/2[rf - i] 1/2
r - i] + tan - I  rb -
b b

If TEST # 0, the value of RF is incremented by 0.000001 and the
result is substitt'"-d in equation 49. This iterative rocess is continued until
a value of RF is obtained for which either TEST < 10-0 or the new magnitude of
TEST is opposite in sign to that of the previous value of TEST (indicating a root
has been located).

At this point, control is returned to the main program, retaining
the last value of RF, which will be used as the inner form radius. This value of
RF, together with RASFACT, is used in equations 37 and 38 to ascertain whether
the pinion tooth is undercut. Based on the results, the program prints out
either THE PINION IS UNDERCUT or THE PINION IS NOT UNDERCUT.

The actual gear and pinion pitch radii (R'_ = CAPRP, r' - RP)* and
pressure angle (0, THETA)* are computed next according Pto equations' 41, 42, and
45.

The procedure for determining the kinematic quantities relative to
dual contact is then applied. If the pinion is the driver, equations 11, 13, 19,
24, and 25 are used to calculate the initial pinion angle (a - ALIN), the pin-
ion angle (a = ALFIN) corresponding to the end of dual cuotact, and the con-
tact ratio (My. If the gear is the driver, equations 18, 22, 25 through 28, 32,
and 33 are used to find the initial gear angle (ain f ALIN), the gear angle
(a n=ALFIN) corresponding to tendodulcon tact, and the contact ratio
(45. The distance (d = D) between the points of tangency to the base circle is
calculated according to equation 48.

The efficiency computations begin with the first contact point at
its earliest possible location (corresponding to a i) and the second contact
point one base pitch forward along the line of action. The angular increment
Aa of the driving element is ecpressed as

DELALPH - Aa = (Pb/rb)/K (49)

if the pinion is the driver, and as

DELALPH - Aa (Pb/Rb)/K (50)

if the gear is the driver.

* The computer programs are written in such a manner that the use of identical
nomenclature for the standard and actual pitch radii and pressure angles does
not cause errors.

! .1.
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Once the current value of a - ALPHAI is established by adding
DELALPH to the previous value of ALPHAI (APHA1 - ALIN for the first round of
computations), the distance a, - Al is computed by using either equation, 15 or
equation 30 depending on which element is the driver. The signum function s I is
then determined using equation 33.

The program net decides whether the mesh is in the single or dual
contact mode by comparing the magnitude of ALPHAI to that of ALFIN. If ALPHAl is
less than ALFIN, dual contact ecists and the distance a2 is computed according to
equation 16 whe, the pinion is the driver, or according to equation 31 when the
gear is the driver. The signum function 6 2 is then found by applying equation
47. Finally, the point efficiency E - POINTEF is obtained from equation 46 if
the pinion is the driver, or from equltion 48 if the gear is the driver.

If ALPHA1 is greater than ALFIN, only single-point contact egists.
If the pinion is the driving element, equation A-26 of appendix A of reference 1
can then be used to determine POINTEF. If the gear is the driving element, a
modified form of this equation (where the gear and pinion parameters are inter-
changed) can be used to determine the point mesh efficiency. The point effi-
ciency computations terminate after the value of ALPHAI has been incremented by
DELALPH K times.

While the cycle efficiency (CYCLEFF) is not needed in this study,
it is computed by the computer programs for informational purposes. It is based

on equation CIO of appendix C of reference 1 with the total angular range for the
calculations now given by Pb/rb when the pinion is the driver and P /Rb when the
gear is the driver. Thus equation C10 of reference 1, when adapte to the pre-
sent case, becomes

CYCLEFF = -b for the pinion driving (51)Pb /Irb

Aa E

CYCLEFF - pb/ for the gear driving (52)

where ECp is the sum of the point efficiencies for the K computation points.

The above set of computations is initially performed with P - MU 
0. After the computations are completed, NU is incremented by 0.025. This con-
tinues until NU - 0.3.

Output of Program. The input parameters PSUBD, NP, CAPP, RP, CAPO,
RO, TUETAD, RHOCAPN, RJON, CD, HOBTIPR, K, and RASFACT are reproduced. The pro-
gram then prints computed gear and pinion parameters CAPB, RB, PB, and RF. The
output next indicates whether the pinion is undercut. This is followed by the
actual gear parameters CAPRP, RP, and THETAD. In addition, the contact ratio CR,
the initial gear or pinion angle ALIN, and the angle corresponding to the end of
the dual contact ALFIN are provided. POINTEF as a function of the driver angle
ALPHAID, the signum functions a, and '2. and the cycle efficiency CYCLEFF are
also listed.

12
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ISAD Involute Gear Mesh Parameters

Tables 5 through 13 present the parameters necessary to use computer pro-
grams ISADI and ISAD2. These tables also give the operating center distance for
the mesh and the tip radius of the cutting tool.

Efficiency Results

Computer programs ISAD1 and ISAD2 were applied to the involute meshes of the
ISAD mechanism. Again, the coefficient of friction was permitted to vary from 0
to 0.3 in steps of 0.05. A sample output using the drive arm pinion gear and
main shaft mesh of the exoatmospheric drive assembly as an example is shown in
appendix E. (The general point efficiencies of all of the meshes are not given
in this report since only the minimum efficiencies are needed.) The minimum
value of the point efficiency was retained for each value of the coefficient of
friction. These were then used to generate the minimum efficiency graphs for
each mesh (figs. 10 through 18).

Additionally, data pertaining to the involute meshes, such as the pinion
inner form radius, the contact ratio, and a statement indicating the existence of
undercutting, are shown in tables 14 through 22 for each of the involute meshes
studied.

CONCLUSIONS AND DISCUSSION

It can be seen from figures 2 through 6 and 8 through 17 that the lowest
minimum efficiency for the clock meshes is approximately 0.8 while that for the
involute meshes is 0.7. Of course, these occur for the highest coefficient of
friction, i - 0.3. At p = 0.1, which is a more reasonable value of the coeffi-
cient of friction, the efficiencies for both types of meshes are the same,
approximately 0.9. Because the mesh efficiencies are well above zero, the gears
should transmit torque as designed, and binding of the meshes should not be
regarded as a potential problem area.

Involute meshes in tables 14 through 22 show that most of the pinions are
undercut. The difference between the pinion inner form radius and its base
radius indicates the amount of undercutting. The most significant undercutting
occtucs for the output pinion and valve gear of the valve drive assembly. In this
case, 0.1774 in. - 0.1762 in. - 0.0014 in. (4.506 mm - 4.476 mm - 0.030 ram) of
the pinion tooth is removed. Since the length of the dedendum is 1 .2/Pd - 1.2/32
- 0.0375 in. (0.9525 mm), 3.7Z of the dedendum is cut off. While this is a small
amount, it is recommended that a stress analysis study be conducted for each of
the undercut gear meshes.

13
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Tables 14 through 22 also show that the contact ratio for each of the invo-
lute meshes is greater than one. This means that at least one pair of teeth will
always je in contact, providing smooth motion and eliminating the possibility of
impulsive loading of the gear teeth.

14
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Table 1. Propulsion timer gear and pinion

Cea ra
Properties (driver) Pinionb

Diametral pitch 100 100

Number of teeth 72 18

Pitch radius (in.) 0.360 0.090
(mm) 9.144 2.286

Distance from pivot to center
of curvature (in.) 0 -3 5 7 7c U002

(mm) 9.086 2.289U

Radius of curvature of circular
arc portion of tooth profile (in.) 0.0223 0.008

(mm) 0.5664 0.2031

Tooth thickness (in.) 0.014 0.012
(mm) 0.356 0.30

Pivot radius (in.) 0.06237 0.0155
(mm) 1.5842 0.3937

a Drawing 2406-344

bDrawing 1060-34-24

cBased on computations in appendixc A.

d Based on computations in reference 1, appendix D.
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Table 2. Gear no. 1 and pinion no. 1

Geara
Properties (driver) Pinionb

Diametral pitch 134.9 134.9

Number of teeth 55 8

Pitch radius (in.) 0.203835 0.02965
(mm) 5.1778 0.75311

Distance from pivot to center
of curvature (in.) 0 .20 392c 0 -0 29 7 4d

(mm) 5.1796 U.75540

Radius of curvature of circular
arc portion of tooth profile (in.) 0.011 0.007

(mm) 0.279 0.179

Tooth thickness (in.) 0.011 0.0093
(nun) 0.279 0.2362

Pivot radius (in.) 0.0155 0.01025
(mm) 0.3937 0.26035

a Drawing 1060-17-1

b Dtr.wing 1060-34-15

c Based on computations in appendix A.

d Based on computations in reference 1, appendix D.
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Table 3. Fifty-tooth gear and escape wheel pinion

Geara
Properties (driver) Pinionb

Diametral pitch 134.9 134.9

Number of teeth 50 7

Pitch radius (in.) 0.18535 0.02595
(mam) 4. 7099 0.65913

Distance from pivot to center
of curvature (in.) 0 .18 54 3

c  0.0245d

(mm) 4.70992 0.6223

Radius of curvature of circular
arc portion of tooth profile (in.) 0.011 0.007

(mm) 0.279 0.178

Tooth thickness (in.) 0.011 0.009
(Mu) 0.279 0.229

Pivot radius (in.) 0.01025 0.0085

(mm) 0.26035 0.2154

a Drawing 1G60-17-10

b Drawing 1060-34-14

C Based on computations in appendix A.

d Based on computations in reference 1, appendix D.
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Table 4. Ekoatmospheric tinmer gear and pinion

Geara a
Properties (driver) iib

D~iametral pitch 100 100

Number of teeth 112 18

Fitch radius (in.) 0.56U 0.090

H ~n)14.224 2.266

Distance from pivot to center
of curvature (in.) 0 -55 7 9 1c0.92

(mm) 14.171 2.2890

Radius of curvature of circular
arc portion of tooth profile (in.) 0.0223 0.008

(mm) 0.5664 0.203

Tooth thickness (in.) 0.014 0.012

(mm) 0.356 0.305

Pivot radius (in.) 0.078 U-0155

(mm) 1.981 0.3937

a Drawing 2406-366

b Drawing 1U60-34-24

c Based on computations in appendix A.

d Based on computations in reference 1, appendix D.
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Tabl e 5. Drive plate and valve lock cam mesh of propulsion drive assembly

Gears
Properties (driver) Pinionb

Diametral pitch 64 64

Number of teeth 80 64

Pitch radius (in.) 0.625 0.500
(MM) 15.875 12.700

Outside radius (in.) 0.64063 0.51563
(mm) 16.672 13.097

Pressure angle (deg) 20 20

Pivot radius (in.) 0.062 0.062
(mm) 1.575 1.575

The operating center distance is 1.128 in. (28.651 mm).

The bob-tip radius Is 0.

a Drawing 2406-342

b Drawing 2406-361
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Table 6. Drive arms pinion gear and main shaft of exoatumospheric drive assembly

Gears
Properties (driver) Pinionb

Diametral pitch so 80

Number of teeth 72 16

Pitch radius (in.) 0.450 0.100
(Mm) 11.430 2.540

Outside radius (in.) 0.4625 0.1125

(mm) 11.748 2.858

Pressure angle (deg) 20 20

Pivot radius (in.) 0.125 0.09
(MM) 3.175 2.286

The o-.perating center distance is 0.551 in. (13.995 mm).

The hob-tip radius is 0.

a Drawing 2406-376

b Drawing 2406-364
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Tabl~e 7. Differential gear and motor pinion of valve drive assembly

Properties Geara (driver)

*Diametral pitch 80 80

Number of teeth 40 14

Pitch radius (in.) 0.25 0.0875
(mm) 6.35 2.223

Outside radius (in.) 0.2626 0.100
(mm) 6.670 2.540

Pressure angle (deg) 20 20

Pivot radius (in.) 0.062 0,062
(mm) 1.575 1.575

The operating center distanc- is 0.338 In. (8.585 mm).

The bob-tip radius is 0.

a Drawing 2406-316

b Drawing 2406-314
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Table 8. Differential gear and differential pinion of valve drive assembly

Pirtionb
Properties Geara (driver)

Diametral pitch 80 80

Number of teeth 40 1~5

Pitch radius (in.) 0.25 0.09375
(mm) 6.35 2.3813

Outside radius (in.) 0.2625 0.10625
(mm) 6.678 2.6988

Pressure angle (deg) 20 20

Pivot radius (in.) 0.062 0.020
(MM) 1.575 1.575

The operating center distance is 0.3453 in. (8.771 mm).

The hoh-tip radius is 0.

a Drawing 2377-336

bDrawing 2406-316
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Table 9. Differential pinion mesh of valve drive assembly

Dri~ving* Driven*
Properties pinion pinion

Diametral pitch 80 80

Number of teeth 15 15

Pitch radius (in.) 0.09375 0.09375

(mm) 2.3813 2.3813

Outside radius (in.) 0.10625 0.10625

(mm) 2.6988 2.6988

Pressure angle (deg) 20 20

Pivot radius (in.) 0.020 0.020
(MM) 1.575 1.575

The operating center distance is 0.1875 in. (4.763 mm).

The hob-tip radius is 0.

*Drawing 2377-336
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Table 10. Idler gear and differential output pinion of valve drive assembly

idler Pinionb

Properties geara (driver)

Diamnetral pitch 64 64

Number of teeth 24 14

Pitch radius (in.) 0.1875 0.10938

(mm) 4.763 2.7783

Outside radius (in.) 0.20312 0.125

(mm) 5.1593 3.175

Pressure angle (deg) 20 20

Pivot radius (in.) 0.062 0.062

(mm) 1.575 1.575

The operating center distance is 0.3005 in. (7.633 mmn).

The hob-tip radius is 0.

a Drawing 2406-477

b Drawing 2406-314
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Table 11. Valve drive gear and idler pinion of valve drive assembly

Pinion
b

Properties Geara (driver)

Diametral pitch 64 64

Number of teeth 50 24

Pitch radius (in.) 0.39063 0.1875

(mm) 0.9220 4.763

Outside radius (in.) 0.40625 0.20313
(mm) 10.319 5.1595

Pressure angle (deg) 20 20

Pivot radius (in.) 0.094 0.062
(m) 2.388 1.575

The operating center distance is 0.5818 in. (14.778 mm).

The hob-tip radius is 0.

a Drawing 2406-313

h Drawing 2406-477

27

A



Table 12. Output gear and valve drive pinion of valve drive assembly

pinion
b

Properties Geara (driver)

Diametral. pitch 48 48

Number of teeth 36 12

Pitch radius (in.) 0.375 0.125
(mm) 9.525 3.175

Outside radius (in.) 0.39583 0.14583

(mm) 10.054 3.7041

* Pressure angle (deg) 20 20

Pivot radius (in.) 0.125 0.094

(mm) 3.175 2.388

The operating center distance is 0.5046 in. (13.731 mm).

The hob-tip radius is 0.

a Drawing 2406-318

b Drawing 2406-315
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Tabl~e 13. Valve gear and output pinion of valve drive assembly

Gears
Properties (driver) Pinionb

Diam-tral pitch 32 32

Number of teeth 36 12

Pitch radius (in.) 0.5625 0.1875
(mm) 14.288 4.763

Outside radius (in.) 0.59375 0.21875
(mm) 15.081 5.5563

Pressure angle (deg) 20 20

Pivot radius (in.) 0.125 0.125

(-m) 3.175 3.175

The operating center distance is 0.751 in. (19.075 mm).

The hob-tip radius is 0.

a Drawing 2406-412

b Drawing 2406-317
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I APPENDIX A

MODIFICATION OF CLOGK GEAR TOOTH FOR EFFICIENCY COMPUTATIONb

I57



The solid tooth profile shown in figure A-1 represents the actual clock
tooth shape as given in the engineering drawings. The computer program for
determining the efficiency of a clock tooth gear mesh, as given in reference Z,
does not take the rounded tip into account, but instead considers a constant
curvature tooth as represented by the dotted line in figure A-1.

constant curvature

V

rounded tooth tip

h

P

2 -

Figure A-i. Modification of clock tooth profile

To apply the computer program, the outside radius of the gear will be modified to
include the distatice V, which is the difference in the outside radius between the
constant curvature tooth and the rounded tip tooth.

From the engineering drawing, the tooth radius P, tile tip radius r adld tile
tooth thickness t is given. Thus

C =P -t (Al)

h CqT (A2)x

In order to determine V, consider that the slopes of the circle representing
the rounded tip and of the circle representing the flank of the tooth at the
point of intersection must be identical. Using the center of curvature of the
tooth flank as the origin of the coordinate system, the circle representing the
tooth flank is given by

2+ y2 P 2 (A3)
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while the circle representing the rounded tip is given by

2 2 2
(x -C ) + (y- ) =r (A4)

whe re

=h - r -v (A5)

To find the slopes of each of the circles, differentiate equations A3 and A4
implicitly and solve for y':

y' fi- (Ab)

y

y= ( x) (A7)

V Equating these two ekpressions and using equation A3, one obtains for x and y:

PC
x (MCA)F c2 + . 2

y fi P (A9)

Now substituting these equations into equation Al and collecting like terms

2 
2  2 + C2 + P2 _2

S+ 2 x (AIO)x 2P

Squaring both sides of this equation and regrouping terms leads to

4 4 + 2(C 2 
-

2  r r2  &~2 + C2+ p2 
-r

2 2  4 4pC2  0 (All)
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Using the quadratic formula to solve for and then collecting like t,-rrs

2 C + (P * r) (Ai2)
x

From figure Al it can be seen that

C2 + 2 < p2 (AIJ)x

Therefore, the negative sign holds in equation Ai2.

Solving for

P - r) 2 - C2  (A14)K

* Then from equation A5

v = h - r - (P - r) - C (AI5)

The outside radius rom of the modified tooth may now be writteu

roa = r o + v (A16)

where ro is th. outside radius of the actual tooth.

Since the computer program requires the distance from the gear pivot Lo tie
center of curvature of the circular arc of the tooth, this may now be given *i

2 2
Crom -h) + C x (A17)
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APPENDIX B

DERIVATION OF EFFICIENCY EXPRESSIONS FOR SINGLE INVOLUTE GEAR MESH

WITH CONTACT RATIO GREATER Tr-AN ONE
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Free body diagrams of the gear and pinion of a single involute mesh where
the pinion is driven by a counterclockwise input movement Mmn are given in figure
B-I. In the position shown, there are two pairs of teeth in contact located at
point C1 and C2. In the analysis it will be assumed that the pairs of teeth in
contact share the transmitted load equally.

a. Unit Vectors

The unit vector from point On to point T' is given by

n. = sinO i + cosO i (BL)

while the unit vector from point L to point L' is given by

nOT = - cosO " + sInO _ (B2)

where 0 represents the actual pressure angle.

b. Nomenclature and Signum Convention

FxN , Fy N  = x and y components of normal force acting, on gear
pivot

FXN, FyN = friction force components acting on gear pivot

Fxn , 'yn  = x and y components of normal force acting on pin-
ion pivot

1Y xn, Fy n  = friction force components acting on pinion pivot

= coefficient of friction

FC = normal force acting between gear and pinion at
both points of contact

YFC  = tooth contact friction Force

1PN' bn = gear and pinion pivot radii

Rb, rb  = gear and pinion base circle radii

d = length of the line of action hetween base circle

tangent points T and T'

a,, a2  = distances of the contact points C1 and C2 from
point T' along the line or action
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+ I fo r a, (T'Por 011 < tane

S2 + 1 for a 2 < TIP ora 2 (<tan0

=-1 for a I > TIP or a,> tanO

S - I for a > T' P tor a2> tanO (B3)

S 0 for a1  TIP or a1i = tanG

99 0 for a 2 =TIP or 0' tanG

c. pinion Equilibrium Equations

From the free body diagram of the pinion, force equilibrium can be
expressed by

--2 F n - s pFcne - s gCno - Fxni - FI g F 1 i 0 (84)

Mobment equilibrium can be expressed as

7k2 2 -

b 0 alfOT) I) C 0 )b2 F OT 2 (B5)

where MNin is the input moment.

Substituting equations B1. and R2 Into equation B4. and expressing the
result in scalar form, one obtains

2 F CcosO (s I+ S 2 ) FCsinO-F xn pFyn =0 (B6)

-2F CsinO - ~ I + S F C cosO + F yn Wxn -0 (B7)

Similarly, for equation B-5

M - F2  + F2  -2r F + gs a + sa) FC 0 (B8)
In Pn xn yn b) C 1 1 2 2 C
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Now solve equations B6 and B7 simultaneously to find Fxn and Fyn -
Solving equation B6 for F y

F 1 = 2FC cosO - P(s1+ 92) Fc sine - j.y n  (89)

Substitute this equation into equation B7, and solve for Fyn:

[2 - 2( + s 2 )] sin8 + A [(s 1 + s2) + 2] cosO
F - F {--
:jii C +L21+ 2

(BlO)

Now substituting equation B10 into equation B6 and solving for Fxn:

[2 - P2(s1+ s)] - i [2 + (s1 + s 2 sin@

xn C
(I11)

Using equations BIO and Bil in equation B8 leads to

M - 11 - + s 2 + I2 [(s 1 + s2) + 2] (812)in 1~g i 2

- 2 rbFC + I(sIa I + s2a2 ) FC = 0

Bpanding the term under the square root sign, and solving the resulting equation
for FC, one obtains

i4
FC _____in

2 r b - P(sIa 1 + s 2a 2 ) + p 2 A14 + IL2 [4 + (s1 + S2) + I4 (s 1 + s 2)2(813)

I +p

d. Gear Equilibrium Equations

Force equilibrium of the gear is given by

22) nO + F(s, -) q- - 0 (814)

2 1c8r s + s2P N' x'NJ FyNJ 4FNI
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while moment equilibrium is given by

2 2-
1o4-- + pN[ F xN + F yN b e-Rbn0 (d - aIle)nT ] x (FcnOT + .SiFd)

+ [Rbno - (d - a 2 )n0Tj x (FcnOT + 4s.2 Fcn)0 (B15)

where M is the equilibrant moment.

Proceeding in a manner similar to that of the preceding section, the
contact force becomes

MF= __ +__14- (s__2)]+_(ss2) (B16)

c . 2R - 4s,(d-al) + s 2 (d-a 2 ) 1 - 2 + (s+S )2 + 4 (s +s2 )
2

1+I

e. Moment Input-Output Relationship

The equilibrant moment, MN, may be expressed as a function of the
input moment, Min , after equations B13 and B16 have been set equal to each
other. Thus

_ )2
2 Rb - [s(d-al) + s 2 (d-a 2 ) "N 2 4 +21 4 +(s+S 2 +

M M1o° iMn 4 22 rh - i(slaI+s 2a2) + - 2-- 4-+2 [4+(s1+s 2] + 1 (SI+s 2 ) (817)
I +1

The input-output relationship may also he expressed as

Rb

M M Rb -E (818)
0 1 n rh P

where

2 -p[s 1 (d-aI) + s2 (d-a2)] PN 2V4+2[4+(sI+S2 ) 2 +

Rb Rbl 04

P 2 i sla+sIa 2 ) 1 V4 + [4 +2Sl+S 21 4 2 (Big)

+ _ 1 2 V4+L[+s1+ ) + 11(sI+2
rb rb (1 + )

69

. . .. . . . ....



which represents the point efficiency of a single step-up involute mesh having
two pairs of teeth in contact simultaneously with the pinion being the driver.
If the gear is the driving element, the efficiency ecpression may be obtained
directly from equation B19 by interchanging the gear and pinion parameters.
Thus, when the gear is the driver

2 - P[s,(d-aI) + s 2 (d-a 2 )] lpn 4+214+(s 2 4 2

280

=rb rb~l+2 lS2 + l ( ls)

P 2 - l(s Ia 1+S 2 a 2  + L N 4+ [4+(s 1 +S 2)Z + ±4( 8 1+6 )2  M

rb Rb (l+P )2
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APPENDIX C

COMPUTER PROGRAM ISADI
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APPENDIX E

SSAMPLE OUTPUT: DRIVE A&I PINION GEAR AND MAIN SHAFT MESa

OF EXOATMOSPHERIC DRIVE ASSEMBLY
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